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ABSTRACT 

The relationships between the X-ray determined bolometric luminosity Lx, the 
temperature T of the intracluster gas, and the optical measured velocity dispersion 
a of the cluster galaxies are updated for galaxy clusters using the largest sample of 
256 clusters drawn from literature. The newly established relationships, based on the 
doubly weighted orthogonal distance regression (ODR) method, are justified by both 
their self-consistency and co-consistency, which can then be used to test the theoretical 
models of cluster formation and evolution. The observationally determined L^-T and 
Lx-a relationships, oc r^-72±o.05 ^ ^5.24±o.29^ marginally consistent with those 
predicted in the scenario that both intracluster gas and galaxies are in isothermal 
and hydrostatic equilibrium with the underlying gravitational potential of clusters. A 
comparison between these observed and predicted L^-T relationships also suggests that 
the mean cluster baryon fraction remains approximately constant among different 
clusters, fb ~ 0.17, which gives rise to a low-mass density universe of 0.3. 

Subject headings: cosmology: observations — galaxies: clusters: general — X-rays: 
galaxies 
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1. Introduction 

Over the past few years, there has been an increase in the observational and theoretical studies 
of the relationships between the X-ray determined bolometric luminosity Lx, the temperature T 
of the intracluster gas and the optical measured velocity dispersion a of the cluster galaxies (e.g. 
Edge k Stewart 1991a,b; David et al. 1993; Fabian et al. 1994; Girardi et al. 1996; Mushotzky & 
Scharf 1997; Cavaliere, Menci k Tozzi 1997; Scharf & Mushotzky 1997; White, Jones k Forman 
1997; Markevitch 1998; Wu, Fang k Xu 1998; Arnaud k Evrard 1998; Allen k Fabian 1998; 
etc.). On one hand, because the total X-ray luminosity of a cluster is related to the (gas) baryon 
number density through thermal bremsstrahlung, while the X-ray temperature and galaxy velocity 
dispersion are determined by the gravitating mass of the cluster, the L^-T and Lx-cr relationships 
constitute a direct and sensitive probe of the volume-averaged baryon fraction of the cluster. On 
the other hand, because both gas and galaxies are the tracers of the depth and shape of a common 
gravitational potential in the cluster, the correlation between T (or L^) and a provides a crucial 
test for the dynamical properties of galaxy clusters. Moreover, the possible intrinsic dispersions in 
the L^-T. Lx-CF and a-T relationships are likely to be associated with the cluster merging histories, 
preheating of intracluster gas, the presence of cooling flows or systematic variations in the baryon 
fraction with cluster masses. Furthermore, the observed Lx-T, Lx~o' and a-T relationships may 
also allow one to constrain the models of structure formation (e.g. Evrard k Henry 1991; Lubin 
et al. 1996; Mushotzky k Scharf 1997; Donahue et al. 1998; Eke, Navarro k Frenk 1998; etc). 

It has been known since the early days of X-ray astronomy that there exists a strong 
correlation between the following dynamical properties of clusters: Lx vs T (Mitchell, Ives k 
Culhane 1977; see Table 2 for a summary), vs a (Sohnger k Tucker 1972) and T vs a [Smith, 
Mushotzky k Serlemitsos 1979; For a summary see Table 2 of Wu, Fang k Xu (1998)]. While 
the accuracies in determinations of these relationships have been significantly improved in recent 
years with the rapid growth of X-ray/optical data for galaxy clusters, tight constraints on these 
relationships have not yet been satisfactorily achieved. The main reason is that there may exist 
intrinsic dispersions in these relationships due to different physical mechanisms among different 
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clusters. Another reason is the small cluster samples involved in statistics. Yet, there is also a 
reason related to the inappropriate linear regression methods employed in the fitting process. 
For the latter a typical example is the fitted a-T relationship for galaxy clusters: The early 
claim for a cx T^-^^^ which implies a perfect isothermal and hydrostatic equilibrium for the 
dynamical state of galaxy clusters (Lubin &; Bahcall 1993), has been recently shown to depend 
on the adopted ordinary standard least-square (OLS) fitting method (Wu, Fang &; Xu 1998 and 
references therein). An apparent deviation of the dynamical state from that predicted by the 
isothermal and hydrostatic equilibrium model for galaxy clusters is found if the doubly weighted 
orthogonal distance regression (ODR) is applied for the same data set {a, T). Indeed, some of 
the previous fitted relationships based on a sparse data set, together with the inappropriate linear 
regression methods, could be misleading. The first purpose of this paper is then to demonstrate the 
uncertainties in the L^-T and L^-cr relationships for galaxy clusters arising from the employment 
of the OLS and ODR fitting methods. To this end, we will use the hitherto largest cluster sample 
drawn from literature, which enables us to update the cluster Lx-T and Lx-a relationships and 
remarkably increase the statistical significance. The reliability of the new relationships will be 
tested by both self-consistency and co-consistency between different correlations. Next, we will 
attempt to derive the mean cluster baryon fraction and the average mass density of the Universe 
from the newly established relationships between Lx, T and a. Furthermore, wc will briefly discuss 
the possibility of testing various theoretical models and speculations with our Lx-T and Lx-a 
relationships. Throughout the paper we assume a Hubble constant of Hq = 50 km s~^ Mpc~^ and 
a fiat cosmological model of = = 1- 

2. Sample 

By extensively searching the literature, we find 168/193 galaxy clusters for which both the 
X-ray bolometric luminosity and temperature/velocity dispersion are observationally determined 
(Table 1). Here, we have excluded those clusters whose Lx, T or a are derived from indirect 
methods such as the Lx-T, Lx-a or a-T correlations. While this leads to a reduction of cluster 
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numbers as compared with the largest cluster sample heretofore published by White et al. (1997), 
we have added many high-redshift and newly discovered X-ray clusters. Since the cluster X-ray 
luminosities are measured in different energy bands, we convert the observed luminosities to 
the bolometric luminosities in the rest frame of the clusters according to an optically thin and 
isothermal plasma emission model, in which we adopted the analytic approximation of the total 
Gaunt factor given by Mewe et al. (1986) and assumed T = 6 keV if the X-ray temperatures 
are unknown. For some clusters whose X-ray luminosities are originally given within a certain 
cluster radius, we have made a correction for lost flux falling out the detection apertures by the 
standard method which assumes a (3 model with /? = 2/3 and Vc = 0.25 Mpc for the X-ray surface 
brightness distribution. The final sample contains a total of 256 clusters which constitutes the 
hitherto largest cluster data set for such studies. 



3. The Lx-T relationship 

Bolometric luminosities against temperatures T for 168 clusters in Table 1 are plotted in 
Fig.l, in which we have also explicitly illustrated the distributions of the high-redshift {z > 0.1) 
and low-redshift [z > 0.1) clusters. While the scatter is large, there is a strong correlation between 
the two variables. Employing the OLS to the whole data set yields 

= 10-0-92±0.09^2.61±0.12^ 

where (also hereafter) and T are in units of 10^^ erg and keV, respectively. Since 
measurement uncertainties remain unknown in some cases, they are not included in the error bars 
in the above fitting. An immediate impression is that the resulting Lx-T relationship is roughly 
consistent with previous analyses (see Table 2), in particular the recent result by Markevitch 
(1998) where the central cooling regions are excluded. Additionally, no apparent difference in the 
Lx-T distributions is seen among the low- and high-redshift clusters. Next, we extract from Table 
1 a subsample of 142 clusters that have measurement uncertainties in both quantities Lx and T 
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(see Fig. 2). We apply respectively the OLS and ODR methods to the subsample, which gives 

= 10-0-86±0-iOr2-52±o.i3^ (QLS); (2) 

The error bars in these fits are determined by Monte-Carlo simulations, which have taken the 
measurement uncertainties in both Lx and T into account. 

EDITOR: PLACE FIGURE |l| HERE. 

EDITOR: PLACE FIGURE | HERE. 

Although the discrepancy in the fitted L^-T relationships by different authors has 
partially arisen from the selection of cluster samples such as whether the cooling clusters are 
included/excluded (White et al. 1997; Markevitch 1998; Allen & Fabian 1998), another reason 
is apparently due to the adopted linear regression methods: The ODR fitting method usually 
provides a steeper slope than that given by the OLS method in the fitted relationships. A similar 
problem is also reported in the study of the a-T relationship (Wu, Fang & Xu 1998). Because OLS 
ignores the scatters in T and only minimizes the residuals in while ODR makes an attempt at 
accounting for scatters in both T and (Feigelson & Babu 1992), in principle ODR provides a 
more reasonable fit than OLS for our subsample in the sense that and especially T contain 
significant measurement uncertainties in addition to their intrinsic scatters (also see White et al. 
1997). This can be seen by a self-consistent test: Using as the abscissa variable and repeating 
the above fitting process, we obtain 

T = 100-45±0.01^0.28±0.01^ (^gg p^j^^^^ qLS); (4) 
T = ioO-44±o.02^o.29±o.oi^ (^42 points, OLS); (5) 
T = 100-34±0.01^0.37±0.01^ (^42 p^i^ts, ODR). (6) 
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If = 10°T^ we would expect that T = IQ-^/'^lI^'' . It is immediate that the ODR fitted 
relationships meet this simple criteria while the OLS results, oc T^-^^ (or T^-^^) and T oc L^" 
(or L^'^^), are inconsistent with each other. In summary, based on our cluster sample and the 
ODR method, we find that at the 3a level, oc T^-^ - T^-^ and T oc L^-^^ - L^-^o. 



4. The Lx-(T relationship 

Similarly, the relationship between X-ray bolometric luminosity and galaxy velocity dispersion 
can be established for a total of 193 clusters in Table 1 and a subsample of 156 clusters whose 
measurement uncertainties in both and a are known, respectively, 

= 10-7-06±0.54^2.67±0.19^ (^93 ^^-^^^^ qlS); (7) 

= 10-6.73±0.59^2.56±0.21^ (^5g p^-^^^^ qLS); (8) 

= 10-14.57±0.94^5.24±0.29^ (^^g ^^-^^^^ qj^j^)^ (9) 

or 

a = io2-76±o.oi^o.i9±o.oi^ (193 p^^^^^^ qlS); (10) 

a = 102-75±0.01^0.20±0.02^ (-^gg p^.^^^^ qLS); (11) 

a = 102-78±0.03^0.19±0.01^ (^gg p^^^^^^ q^R), (12) 

where (also hereafter) a is in units of km s"'^. The data sets {L^, cr), together with our best fitted 
results, are shown in Fig. 3 and Fig. 4 for 193 and 156 clusters, respectively. Self-consistent test 
suggests that at the 3<t level, Lx oc o"^''*"^'^, which is compatible with the recent work of White et 
al. (1997) based on 50 clusters and the ODR fitting technique. Recall that the previous studies 
in terms of the OLS fitting method found that Lx oc o"'* (Quintana & Melnick 1982) or Lx oc a^'^ 
(Edge & Stewart 1991b). 



EDITOR: PLACE FIGURE | HERE. 
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EDITOR: PLACE FIGURE | HERE. 

We have further plotted in Fig. 5 the cr-T relationship for 105 clusters in Table 1. Applying 
the ODR fitting technique to the 92 clusters, for which measurement uncertainties in both T and 
a are given, yields 

a = io^-^^^°''^T°'^^^°'°^ (13) 

This is in good agreement with that given by Wu, Fang & Xu (1998) for a sample of 95 clusters 
where the calculated X-ray temperatures for some clusters from White et al. (1997) were used. 
On the other hand, our fitted correlations between and T/a, = iQ-^-^'^^^-^^T'^-'^'^^'^-^^ and 

= 10-14.57±0.94^5.24±0.29^ p^^^i^g 

a = io^-^°^°-^^r°'^^^°'°'^ (14) 

It appears that within a 2a uncertainty range, the 'derived' a-T relationship is consistent with the 
observed one [eq.(13)]. This is the first time that the co-consistency between these correlations 
has been established. 

EDITOR: PLACE FIGURE | HERE. 



5. Cosmic evolution 

Different theoretical models predict quite different cosmic evolutionary tendencies for galaxy 
clusters, and thus an examination of whether the observed X-ray luminosities, temperatures 
and velocity dispersions of galaxy clusters evolve with redshift may discriminate among these 
theoretical models. For instance, in the scenario of self-similar hierarchical structure formation 
of galaxy clusters, the evolution of the cluster population follows L^, oc (1 + 2)(''"+5)/(2n+6) ^^^^^ 

(1 -hz)("-i)/("+3), where n is the spectral index of the density perturbation, P{k) oc k"" 
(Kaiser 1986). Generally, clusters undergo rapid evolution in such a model. So, by comparing 
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with X-ray observations, in principle we can test this scenario and thus determine the power 
index n. Unfortunately, a stringent constraint on the evolutionary models of clusters cannot be 
set because our X-ray cluster sample (Table 1) is neither from a complete flux-limited survey 
nor from a temperature-limited one. Nevertheless, the redshift dependence of X-ray luminosities, 
temperatures and velocity dispersions for all the clusters in Table 1 (see Fig. 6) may give useful 
implications about cluster evolution. It appears that while the scatters are large, evidence for the 
cosmic evolution of these dynamical quantities is rather weak, which is consistent with the result 
obtained from studies of cluster temperature evolution (Henry, Jiao & Gioia 1994; Mushotzky & 
Scharf 1997) and X-ray luminosity function as well as distribution of X-ray core radii of clusters 
(e.g. Burke et al. 1997; Rosati et al. 1998; Vikhhnin et al. 1998). 

EDITOR: PLACE FIGURE | HERE. 



6. The mean cluster baryon fraction 

For simplicity we assume that the hot X-ray emitting gas in a cluster follows a spherically 
symmetrical isothermal /? model with /? = 2/3. The electron number density is then 

ne = neo\l + ^j , (15) 

where neo and r^c are the central electron number density and the core radius, respectively. In the 
scenario of the optically thin and isothermal plasma emission, the X-ray bolometric luminosity 
within a cluster radius r is given by 

where g(T) is the average Gaunt factor, and //g = 2/(1 + X) with X = 0.768 is the hydrogen mass 
fraction in the primordial abundances of hydrogen and helium. The gas mass within the same 
volume is 

Mgas = ^lefrip j He^irr'^dr. (17) 
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The total gravitating mass of a cluster M^ot can be independently derived using the hydrostatic 
equilibrium equation for X-ray emitting gas and galaxies, respectively, 

GMtot kT due 
r2 rigaidr ' 

where /Ltj = 0.585 denotes the mean molecular weight, Ugai is the number density of cluster galaxies 



for which we use 



Ugaifi and rgc are the central galaxy number density and core radius, respectively, and a is the 
power-law index which has a value of a = 3/2 and 1 for the conventional King model and the 
softened isothermal model, respectively. Defining the (gas) baryon fraction as = Mgas/Mtot, we 
can write the X-ray bolometric luminosity Lx as 
(a) for gas as the tracer of the cluster potential 

2V /27rfcry/^ff(T) ( krV , 
" " 3hmec^ hmecy fiefif [oml ) ''''' ^ ' 

where the structure factor Sgas is 

Q I I rjjc r +r^^ _ (O0\ 

^gas - L„2 , „2 / , n 2 ' 



2'Krxc + r. 



(l-^tan-i;^) 



(b)for galaxies as the tracer of the cluster potential 

2^66 f 2TTkT g{T) ( a 



Lx = ^ ' fS (23) 



where the structure factor Sgai is 



9C, 



(l-r^tan-1^) 



In the computation of total X-ray luminosity of the whole cluster, we have r ^ Txc and r ^ Vgc, 
which gives Sgas ~ ^/^fxc and S^a/ a/Avxc- In addition, the mean Gaunt factor depends only 
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weakly on gas temperature. Therefore, the X-ray bolometric luminosity scales approximately as 

(a) for gas as the tracer of the cluster potential 

L.ocT^V^ic'; (25) 

(b) for galaxies as the tracer of the cluster potential 

L.oca^rVV^-iocr3-06/2,-i, (26) 

in which the a-T relationship [eq.(13)] has been used. 

The fact that the theoretically expected results [eq.(25) and eq.(26)] are marginally consistent 
with the observationally fitted L^-T relationship [eq.(3)] indicates that fbr~^ remains roughly 
unchanged for different clusters. The universality of fb for different clusters is naturally expected 
since a typical rich cluster draws its matter (baryon + non-baryon) from a region of radius of ~ 20 
Mpc which should be large enough to be representative of the matter composition of the Universe. 
On the other hand, there has been no strong evidence so far for the dependence of the X-ray core 
radii on temperature (Edge & Stewart 1991a), although a recent study reported a weak trend of 
increasing core radius with increasing gas temperature (Jones &; Forman 1999). In particular, an 
essentially identical distribution of core radii of nearby and distant luminous clusters has been 
detected (Vikhlinin et al. 1998), showing that rxc does not evolve significantly with redshift since 
z 1. Therefore, our finding that fbf^c holds statistically constant for clusters within z pa 1 is 
reasonable. 

6.1. X-ray emitting gas as the tracer of cluster potential 

If cluster matter composition is representative of the universe, the volumed-average (gas) 
baryon fractions over the whole cluster should remain the same for different clusters, i.e., 
fb = const. Assuming that the gas fraction fb and core radius r^c are constant for different 
clusters, and the intracluster gas is in isothermal and hydrostatic equilibrium with the gravitational 
potential of cluster, we would expect that DC T^-^ in terms of eq.(25), which has a somewhat 
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flatter slope than that observed [eq.(3)] unless the OLS fitted Ln^-T relationships eqs.(l) and 
(2) are invoked. We plot in Fig. 7(b) the ratio of to T^'^ for the 168 clusters whose and 
T are observationally determined. Regardless of the large scatter, the ratio L^/T"^'^ is nearly 
independent of cluster population, with a mean value of (L^/T2-5) = 0.098 ± 0.091. Because there 
is an apparent asymmetry in the distribution of the L^/T"^'^ ratios, we provide the median and 
90% limits of the distribution: [Lx/T"^'^) = O.lSS^oios- This gives rise to the mean cluster gas 
fraction 



Jb — U.±yo Q -^35 J 1^0.25 Mpc^ 



(27) 



0.145: 



-0.153+0.081 
-0.103-0.072' 



in which the first uncertainty account for the 90% limits of the L^/T"^'^ distribution and the 
second one arises from the variation of core radius from 0.1 Mpc to 0.5 Mpc. We have used a value 
oi'g(T) = 1.2 for the mean Gaunt factor, which introduces another uncertainty of about 20%. 



EDITOR: PLACE FIGURE HERE. 



In the self-similar model for the formation of galaxy clusters, if the X-ray emission is 
dominated by bremsstrahlung, the expected Lx-T relationship eq.(25) reduces to 

Lx(xT^{l + zf^^, (28) 

where clusters are assumed to have same fb and formed at same redshift. In order to test the 
self-similar models of cluster evolution, we plot the ratio of to r^(l -|- z)'^^"^ in Fig. 7(c) for our 
cluster sample (Table 1). It appears that the dispersions are rather large as compared with the 
similar plot for the L^/T"^'^ ratio. Essentially, there is no correlation between Lx and T^(l -|- z)^/^. 
The flatter slope of the Lx-T relationship {Lx oc T^) and the possible Lx evolution with redshift 
(depending on n) in the self-similar models are apparently contrary to observations. To reconcile 
with observations, a number of physical mechanisms have been explored such as preheating of 
the intracluster gas (Ponman, Cannon &; Navarro 1999 and references therein) or the influence 
of cooling flows (Allen & Fabian 1998). Here, we discuss briefly another possibility suggested by 
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David et al. (1993): One can achieve the observed relationship oc by simply requiring the 
baryon fraction to vary as /(, oc T^-^. Although the recent work by Allen &i Fabian (1998) arrived 
at an opposite conclusion that fb oc 2"-0-68±o.22^ their gas mass fractions fb are measured at a 
relatively small radius of 0.5 Mpc, which may have rather large uncertainties, in addition to the 
intrinsic dispersion, due to the problem of conventional cluster mass estimates and dynamical 
activities in the central regions (Wu & Fang 1997; Allen 1998; Wu et al. 1998 and references 
therein). Indeed, the binding mass of a cluster within the central core could be underestimated by 
a factor of 2-4 due to the employment of the isothermal and hydrostatic equilibrium hypothesis 
[eq.(18)]. So, the baryon fraction can be overestimated by a corresponding factor within the 
cluster core. Nevertheless, the various mass estimators (X-ray, optical and gravitational lensing) 
can provide a consistent cluster mass on scale greater than the X-ray core. This may explain the 
deceasing tendency of fb with T reported by Allen Sz Fabian (1998) if we notice that T oc in a 
self-similar model of cluster growth (e.g. Evrard, Metzler & Navarro 1996). Namely, the cluster 
baryon fraction might be more significantly overestimated for the low-temperature clusters than 
the high-temperature ones. However, this speculation needs to be tested by a combined analysis 
of cluster mass estimates from gravitational lensing and X-ray measurements. In summary, if the 
baryon fraction of a cluster is dependent on temperature, it may have significant impact on our 
determination of the universal baryon fraction based on a fiux limited cluster sample. 



6.2. Galaxies as the tracer of cluster potential 

Unlike the diffuse X-ray gas, cluster galaxies are less affected by the presence of the 
(non)cooling flows, the nonthermal pressure (e.g. magnetic field), preheating (e.g. supcrnovae), 
etc. Therefore, there are good reasons that cluster galaxies are a better tracer of the underlying 
gravitational potential of clusters and their velocity dispersions a are a good indicator of dark 
matter. The convincing evidence comes from the excellent agreement between the gravitating 
masses of clusters derived from the gravitational lensing phenomena and from the velocity 
dispersion of galaxies as a tracer of cluster potential (Wu &: Fang 1997; Wu et al. 1998). 
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Nevertheless, the expected Lj.-T relationship [eq.(26)] under the assumption that galaxies are in 
hydrostatic equilibrium with the cluster gravitational potential shows a slightly steeper slope than 
that observed [eq.(3)]. The gas fraction /j, according to eq.(23) is 



0.1 y V 100 ) V0.25Mpc; a 

By fixing the power-law index 3.06 for the L^-T relationship and 0.64 for the a-T relationship in 
the fitting process, we have 

= 10-l-14±0.03y3.06^ (30) 

and 

The mean cluster baryon fraction is 

/ft = 0.172 ± 0.006 ± 0.016 ± 0.071 ± 0.034 ± 0.013 (32) 

where the first and second error bars account for the uncertainties in the fitted Lx-T and a-T 
relationships, respectively, the third and forth ones correspond to the variations of core radius 
Txc and a in the ranges 0.1 Mpc < Vxc < 0-5 Mpc and 0.7 < a < 1.5, and the last term is the 
uncertainty introduced by the mean Gaunt factor. Our statistical estimates of cluster baryon 
fraction, both eq.(27) and cq.(32), are consistent with the results obtained for many individual 
clusters based on detailed analysis of the dynamical properties of clusters (e.g. White et al. 1993; 
David, Jones k Forman 1995; Wu 1998). 



6.3. Cosmological density parameter 

In conjunction with the standard Big Bang Nucleosynthesis (BBN) model (Walker et al. 
1991), we can estimate the cosmological density parameter fi^ from the baryon fractions given 
above (e.g. White et al. 1993; David et al. 1995). (a)For gas as the tracer of the cluster potential, 

J^^ = 0.30 ±0.06 ±0.11 ±0.09, (33) 
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in which the first error bar accounts for the uncertainty of the BBN prediction: AQf, = 0.01 where 
Qj, is the average baryon mass density of the Universe, the second one represents the uncertainty 
in the fitted L^-T relationship and the adopted mean Gaunt factor, and the third term reflects the 
variation of core radius r^c from r^c = 0.1 Mpc to Vxc = 0.5 Mpc. (b)For galaxies as the tracer of 
the cluster potential 

= 0.29 ± 0.06 ± 0.06 ± 0.46, (34) 

where the first error bar accounts again for the uncertainty of the BBN prediction, and the second 
one is the combined result of uncertainties in the fitted Lx-T and a-T relationships and the mean 
Gaunt factor, and the last one includes the uncertainties due to luminous matter distributions 
{Vxc and a). Strictly speaking, the above estimate of Urn is in contradiction with our cosmological 
model assumed at the first onset: ^Iq = = 1- We have then re-estimated the X-ray luminosity 
Lx for each cluster in our subsample by converting the currently used X-ray luminosity in an 
^^0 = = 1 niodel to that in a flat cosmological model but with a nonzero cosmological constant, 
= 0-3 and A = 0.7. Nevertheless, we flnd that this change has a negligible effect on our Lx-T, 
Lx-cr and a-T relationships. 

7. Discussion and conclusions 

Regardless of possible intrinsic dispersions, overall clusters exhibit a strong correlation 
between the X-ray luminosity, the temperature of the hot intracluster gas and the velocity 
dispersion of cluster galaxies. Based on the largest cluster sample drawn from literature and the 
ODR fltting method, that takes the measurement uncertainties of two variables into account, 
we have established both self-consistent and co-consistent relationships between these quantities. 
These relationships may enable us to test theoretical models of cluster formation and evolution 
and determine the mean baryon fraction and the average mass density of the Universe. 

A comparison between the theoretically expected Lx-T and L^-a relationships for clusters 
and the observationally determined ones suggests that both the intracluster gas and galaxies 



-16- 



are marginally in isothermal and hydrostatic equilibrium with the underlying gravitational 
potential of clusters, which is consistent with the result given by a combined study of cluster mass 
determinations from the X-ray/optical and gravitational lensing measurements (Allen 1998; Wu 
et al. 1998). Therefore, it is unlikely that the local dynamical activities can play a dominant role 
in the recent dynamical evolution of overall clusters. However, neither the X-ray emitting gas nor 
the cluster galaxies as a tracer of the gravitational potential can precisely reproduce the observed 
Lr^-T relationships. Moreover, our fitted a-T relationship, a oc T"-^"^, shows an apparent deviation 
from that predicted by isothermal and hydrostatic model for galaxy clusters, a oc T^'^. This may 
have arisen from our oversimplification in modeling the gas/galaxy distributions. 

We have shown that the mean cluster (gas) baryon fraction is roughly constant among 
different clusters with a mean value of fh ~ 0.17, which corresponds to ~ 0.3. Indeed, the 
volume-averaged baryon fractions of different clusters over the whole cluster sizes should be the 
same, if clusters are a fair sample of the Universe. Our estimated cluster baryon fraction and the 
average matter density of the Universe are in accordance with the prevailing claim for a low-mass 
density universe with or without a nonzero cosmological constant. 

We have not found convincing evidence for a significant evolution in the dynamical properties 
of clusters characterized by Lj,, T and cr, although the highest redshift cluster at z 1 has been 
included in our cluster sample. This disagrees with the claims by the standard CDM model and 
the self-similar models for formation and evolution of clusters, but is consistent with the results 
from numerous recent X-ray observations (e.g. Mushotzky k, Scharf 1997; Rosati et al. 1998; etc.) 
and the predictions by the low-mass density cosmological models. 

Apparently, the present conclusions are subject to the incompleteness of our cluster sample, 
which is neither flux-limited nor temperature- limited (or velocity dispersion- limited) . It is likely 
that there would be a moderate modification to our L^-T, L^-cr and a-T relationships when a 
large and complete cluster sample becomes available. In particular, the large scatters in these 
correlations are likely to be associated with the intrinsic properties of clusters, especially the 
cooling flows in the central regions (Fabian et al. 1994; White et al. 1997; Markevitch 1998; 
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AUen & Fabian 1998), which have not been separated in our fitting processes. Finally, future 
investigations should be made towards a deep understanding of the physical mechanisms for the 
reported L^-T, L^-T and a-T relationships. 

We gratefully acknowledge the insightful comments and suggestions by an anonymous referee. 
This work was supported by the National Science Foundation of China, under Grant No. 19725311. 
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• • • A+F E98 


A2218 


o.mo 


1370+i?° 

—210 


7.10+0-20 

—0.20 


21.96+o'm 
—2.01 


LPS A+F E98 


A2219 


0.2280 




12.4010-50 


64.56l«-|0 


- ■ ■ A+F E98 


A2244 


0.0970 


1240 


8.47l0:« 


25.32l2;J4 


S+R M+S E98 


A2246 


0.2500 




5.20l2:«o 


1.19 


• • • R97 R97 


A2246B 


0.4400 




2.60l}:^0 


1.46 


• • • R97 R97 


A2255 


0.0808 


122llJ|l 


7.3011:^0 


12.42l0;55 


DDD D93 E98 


A2256 


0.0581 


13481^^ 


7 CI +0.19 
—0 19 


18-39inS 


F96 D93 E98 


A2271 


0.0568 


460 




, 90+0.09 
—0.09 


S+R • • • J+F 


A2280 


0.3260 


948+5J? 

— Zoo 




16.76 


G95 - ■ - G95 


A2319 


0.0559 


15451^5 


9.1210-15 


39.74l^;J!^ 


F96 A+E E96 


A2390 


0.2279 


1093t^J 


11.1011:00 


63.49llti^ 


C96 B98 E98 


A2420 


0.0838 




S-OOli.ao 


12.9ll|« 


■ • • D93 D99 


A2426 


0.0886 


332+59 

—28 




13.43+1-1? 

— 1.72 


F96 • • • D99 


A2440 


0.0904 


99ll??? 


9.00 


1, 10+2.59 
ii.ij_2 59 


GBG D93 E96 


A2507 


0.1960 




9 40+1-60 


21 65+0-49 


- ■ ■ D93 R98 


A2556 


0.0865 


,247+249 




5 c;k+2.36 


D78 - ■ ■ E96 


A2589 


0.0416 


500^^^" 


n 70+1.30 


q /1O + 0.38 

•^•^^-0.38 


ZHG D93 E98 


A2593 


0.0433 




3 10+1-50 


1.9810:20 


GBG D93 E98 


A2597 


0.0852 




4 40+0-40 


15-3711:^7^ 


• • • M98 E96 


A2626 


0.0573 


658181 


2 qn+2-50 


o 9-1+0.44 
■'•^4_(, 44 


M+W D93 E98 


A2634 


0.0309 


700tll 


3 07+0-11 
■^•'J' -0.11 


1 59+0-" 

^•■^^-0.17 


F96 A+E E96 


A2657 


0.0414 


667 


3 40+0-50 


Q Qo+0.35 
^•0^-0.35 


S+R D93 E98 
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Table 1 — Continued 



cluster 



redshift 



cr(km/s) 



T (keV) 



(1044 erg/s) 



references 



A2666 

A2670 

A2717 

A2721 

A2734 

A2744 

A2877 

A3093 

A3112 

A3126 

A3 128 

A3158 

A3223 

A3266 

A3360 

A3376 

A3389 

A3391 

A3395 

A3526 

A3528N 

A3532 

A3556 

A3558 

A3559 

A3562 

A3571 

A3651 

A3667 

A3693 

A3695 

A3716 

A3733 

A3744 

A3809 



0.0270 
0.0759 

0.0498 
0.1152 
0.0625 
0.3080 
0.0248 
0.0836 
0.0746 
0.0862 
0.0604 
0.0575 
0.0603 
0.0594 
0.0849 
0.0490 
0.0267 
0.0553 
0.0506 
0.0114 
0.0553 
0.0559 
0.0476 
0.0475 
0.0469 
0.0478 
0.0396 
0.0610 
0.0566 
0.0921 
0.0903 
0.0493 
0.0380 
0.0387 
0.0631 



*'"-60 

918+^^ 
54ltS 

628^®^ 
1950+llt 

440+80 

1053ll« 
841^^1 

1138194 

835^32'' 

723t*^ 

595lg 

78etll 

586l« 
9721110 

58011°° 

735lt? 

456tl« 

736l« 

104511°^ 

626l«° 

971^62 

470+107 

77q+67 

9541141 

608ir 

5081S 
4781S 



4.45 



+0.20 
-0.20 



11 00+°-^° 



3.50 



+1.10 

-0.80 



4 24+°-24 



5.50^ 



8 00+°-^° 



4.00 

2.10 
5.40 



+0.40 
0.40 

+0.90 
0.60 

0.60 
0.60 



3.68 



+0.06 



4.40 



5.12^ 



+4.70 



3.80 
6.73 



+0.60 
-0.50 

+0.17 
-0.17 



7 00+0-80 

I .UU_Q gQ 



0.05 

4.97I 
2.32I 



-1.70 
-1.70 

-0.87 
-0.87 



8.48: 
5.82 



62 44+14-41 



0.82 
0.21 

14.67 
7.18 



+0.13 
0.13 



+0.02 
-0.02 

+ 1.20 
-1.20 

1.08 
1.08 



4.84l0jo 



1.87 



+0.05 
0.05 



16 48+0-64 

-^"•^°-0.64 



2.07 
4.66 
0.48 
5.03 



+0.17 
0.17 

+0.41 
0.41 

+0.03 
0.03 

+0.41 



c or:+0.40 



1.531 
0.49 
5.54^ 
2.16 



+0.07 
0.07 



0.82 

+0.53 
-0.53 



13.2711:16 



0.45 



+0.03 
-0.03 



+0.77 



6.11_ 
18.09 
3.35+ 



22 70+4-20 

'^-4.20 



0.77 
1.20 



1.41 
1.41 



4.5411 
11.39+ 



2.32 
0.97 



+0.41 



+0.23 
0.23 



^•^''-1.54 

c 10+0.89 
O-J^'5_0.89 



ZHG ■ ■ • Q+M 
GEF HMS E96 
F96 ■ ■ • E96 
F96 ■ ■ ■ E96 
F96 ■ ■ • E96 
FMB A-t-F E96 
GEF D93 E96 
F96 • • • DFJ 
F96 D99 E96 
F96 ■ ■ • E96 
GEF • ■ ■ E96 
F96 D93 E96 
F96 • • • DFJ 
GEF M98 E96 
F96 ■ ■ ■ DFJ 
GEF HMS E96 
F96 D93 E96 
GEF HMS E96 
GEF HMS E96 
ZHG HMS E96 
F96 • • • Q+M 
F96 E90 E96 
F96 ■ • • E96 
GEF HMS E96 
F96 ■ • ■ DFJ 
F96 D93 E96 
F96 HMS E96 
F96 ■ ■ ■ D99 
F96 HMS E98 
F96 ■ • ■ D99 



F96 • • 
GBG 
F96 ■ • 
F96 ■ • 
F96 • • 



E96 
• • E96 

E96 
D99 
E96 
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Table 1 — Continued 



cluster 


redshift 


(jQiYnf s) 


T (keV) 


(1044 ere /si 


refereiicBS 


A3822 


0. 


,0769 










9-03ll;^l 


F96 • • • E96 


A3825 


0. 


.0760 


699+™ 

— 58 








4.03+°i« 

—0.86 


F96 • • • E96 


A3827 


0, 


,0984 










22.82l^-g2 


AMB ■ ■ ■ D99 


A3880 


0, 


,0380 


oc:c: + 14S 


3, 


,80 




3.43i;;;;:^ 


S97 ■ ■ ■ E96 


A3888 


0, 


,1680 


130711"° 








31.40+1^; 

— 4.91 


GEF • ■ ■ E96 


A3921 


0. 


,0944 




4, 


.901° 


.55 
.55 


10.92i;j2 


F96 A+E E96 


A4010 


0. 


,0966 










12.4311°^ 


F96 • • • E96 


A4038 


0. 


,0302 


898tn6 


3, 


,30lJ 


.60 

80 


o 01+0.26 
—0.26 


GEF D93 E96 


A4059 


0, 


,0478 


845l?i° 


3, 


■971° 


.12 
12 


5.78l°;|4 


GGP HMS E96 


1ES0657-558 


0, 


,2994 




ii.ool 


1.50 
1.30 


126.81+;i^^ 

— 14. DO 


• ■ ■ Y98 D99 


2A0335+096 


0, 


,0350 




3, 


,011° 


.07 
.07 


7.05+°, ;3 


• • ■ HMS E98 


3C129 


0. 


,0218 




5, 


.601" 


.40 
.40 


4 oi +0.39 
—0 39 


• • • D93 E+S 


3C295 


0. 


,4600 


16701364 


7, 


.131? 


.06 
.35 


26.0014;°° 


SRE M+S N99 


AC114 


0. 


,3100 


16491^1^ 


9, 


■76li 


.04 
85 


38.10 


FMB A+F A+F 


AWM4 


0, 


,0424 




2, 


,381° 


.17 
.17 


0.681°:;° 


• ■ ■ HMS E98 


AWM7 


0, 


,0176 


864+"3 

— Ol 


3, 


■75lS 


.09 
09 


3.00+°-45 

— 0.4:0 


GBG HMS E+S 


AXJ2019-1127 


0. 


,9400 




8, 


,6014 


.20 


19.42+5^5 


• • ■ H97 H97 


CA0340-538 


0. 


,0570 


1006+??? 

— loo 








9.i6+;°4 

— i.U4 


DDD • • ■ P92 


CL0016+16 


0. 


,5545 


1234+}?! 

— 12ii 


8, 


.ooi; 


.00 
00 


28.13+3;4 

— o. 14 


G96 M+S H92 


CL0024+16 


0. 


,3910 


1339+??^ 








4.26+°-9; 


SRE • • ■ FMB 


CL0107-46 


0. 


,0230 


1032+Jnl 

— iUcS 








0.85+°°2 


B95 • ■ ■ J+F 


CL0336+09 


0, 


,0349 




3, 


.001° 


.20 
.10 


7 1^+0.64 
' •-'^■^—0.64 


• ■ ■ D93 E+S 


CL0422-09 


0. 


,0390 




2, 


,901° 


.50 
.40 


o ic:+0.73 
'^•-'^'-' — O 73 


• ■ ■ D93 E+S 


CL0500-24 


0. 


,3270 


13001^™ 


7, 


.20lf 


.70 
.80 


i7-5ilj;i 


W89 OMF S+W 


CL0745-19 


0. 


,1028 




8, 


.50i; 


.90 
.40 


59.oo+;9;° 

— ly. iu 


• ■ • E+S E+S 


CL1322+30 


0. 


,7570 


820+;?° 

^ 120 








l-43+°-ll 

— 0.44 


G94 • • ■ G94 


CL1447+26 


0. 


,3762 


1470 








io-69li:98 


D99 • • • FMB 


CL2244-02 


0, 


,3280 




6, 


.50i; 


.80 
.30 


2.91 


• ■ ■ OMF OMF 


Cygnus— A 


0, 


,0570 


158llS« 


6, 


,501° 


.36 
.36 


16.50 


097 MME D93 


IRAS09104+4109 


0, 


,4420 




8, 


,50l| 


.40 
.40 


55.10 


• ■ • A+F A+F 


MKW3S 


0. 


,0434 


603l«^ 


3, 


.001° 


.30 
.30 


4 47+0.50 
-0.50 


GEF D93 E98 


MKW4 


0. 


,0196 


535l«« 


1, 


.711° 


.09 
.09 


49+0 06 


GBG HMS B96 


MKW4S 


0. 


,0288 




1, 


.951° 


.17 
.17 


„ oi +0.06 
"■■5J-_0.06 


• ■ • HMS E98 


MKW7 


0, 


,0289 


3''J_172 








1^+0.04 
'^•^"-0.04 


L96 • ■ • B96 


MKW8 


0. 


,0272 


4221^^ 








1 40+0-20 


L96 • ■ • E98 
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Table 1 — Continued 



cluster redshift (7(km/s) T (keV) Lx (10'*'* erg/s) references 



MKW9 


0, 


.0397 


336 


9 90+0.13 
^•^•^-0.13 


0.10 


B99 HMS B99 


MKWIO 


0. 


.0206 


1 -77+85 
^' '-46 




14+o°3 

"■J^^_0.03 


L96 • • • B96 


MKWll 


0, 


.0232 


38411° 




0.291°:°^ 


L96 - - ■ B96 


MS0302+16 


0, 


.4246 






9.0811:°° 


C96 - - - H92 


MS0302+17 


0, 


.4250 




4 60+°'*° 


- 90+0.69 

**-^'J_0.69 


• • • K99 H92 


MS0353-36 


0, 


.3200 




8-i3i?;73 


14 52+°-®5 


• • • M+S H97 


MS0440+02 


0, 


.1965 






7.43l°:«^ 


C96 M+S H92 


MS0451+02 


0. 


.2011 


979 


8-60l°:^50 


15.931^7° 


C96 M+S H92 


MS0451-03 


0, 


.5392 


,071 +105 
^•^'1-106 


10.1711:55 


53.70 


C96 M+S M+S 


MS0811+63 


0, 


.3120 




4 60+°-^° 


2 01 +0.58 


- - - H97 H92 


MS0839+29 


0, 


.1928 




4 19+0-36 
^•^^-0.33 


9.i4ii:g 


C96 M+S H92 


MS1006+12 


0, 


.2605 


906ll°l 




9 16+1*'' 


C96 • ■ • H92 


MS1008-12 


0, 


.3062 


105411°^, 


7.29l?:g 


Q 1Q+1-24 
^■1^'^-1.24 


C96 M+S H92 


MS1054-03 


0, 


.8260 


117011^° 


12.30l3;i° 


19.91 


T99 D98 G+L 


MS1147+11 


0, 


.3030 




5 50+°-*° 


4 10+1-00 


- - - H97 H92 


MS1224+20 


0, 


.3255 


8021^0 


4 30+°-™ 


8-o6lS:i 


C96 H97 H97 


MS1231+15 


0, 


.2350 






5.521-^ 29 


C96 • • • H92 


MS1241+17 


0, 


.3120 




6 20+*'™ 


6.47ll:®5 


■ • • H97 H92 


MS1305+29 


0, 


.2410 




2 98+°-^^ 


9 9/1+0.33 

^■^^-0.33 


• • ■ M+S H92 


MS1358+62 


0, 


.3283 


937l^t 


7 r;o+4-30 
'•a<J_4 30 


21-81^1 


C96 A+F H92 


MS1426+01 


0. 


.3200 




5 "sn+i io 


6 71+0-85 
°-'l-0.85 


• • • H97 H92 


MS1455+22 


0, 


.2570 


1133111° 


■J-^'J_0.28 


29.4211:1^ 


C96 M+S H92 


MS1512+36 


0, 


.3726 


mo+_ll 


q ^7+1. 33 
•3-O'_0.74 


7g9+1.67 


C96 M+S H92 


MS1621+26 


0, 


.4274 


793li 




8.2211:^5 


C96 • • • H92 


MS2137-23 


0, 


.3130 


960 


4 37+0.38 


26.271^:59 


K95 M+-S H92 


Ophiuchus 


0, 


.0280 




9-10l°jS 


32.201^:20 


• • ■ A+E E+S 


PKS0745-191 


0. 


.1028 




8.7011;®° 


64.05 


• • • A+F A98 


RXJ0658-5557 


0, 


.3100 




17 00+* °° 


126.60+5-52 

— 5.52 


■ • • A99 A99 


RXJ1347-1145 


0, 


.4510 




11 37+1-1'' 


1 97 71 +21-67 


- ■ - M+S SHN 


RXJ1716.6+6708 


0, 


.8130 


15221215 


5 66+1-^^ 




G99 G99 G99 


S84 


0, 


.1086 


329l«° 




6.0311:1® 


F96 • • • D99 


S301 


0, 


.0223 


506l?23 




0.38l°:°« 


GBG • • • D99 


S805 


0, 


.0141 


470+®® 


1 40+0-30 


0.20 


GBG D93 D93 


S987 


0, 


.0717 


677l^f 




2.8511:11 


F96 - ■ - D99 


SllOl 


0, 


.0580 




nn+1-20 


c Qc+0.50 

O.OO_0 g(j 


• • • E+S D99 
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Table 1 — Continued 



cluster 


redshift 


<7(km/s) 


T (keV) 


(1044 erg/s) 


references 


SC0316-444 


0.0730 


700+174 
'°°—l08 




13.08 


Q+M • • • Q+M 


SC1327-312 


0.0495 




3.85l?jO 


3.14 


D97 BZM K+B 


SC2008-569 


0.0530 






27.84ll;f3 


Q+M ■ • ■ Q+M 


SC2059-25 


0.1880 






25.30 


• • ■ D93 D93 


SC2311-43 


0.0556 






4.71 


• • • D93 D93 


Triangulum- Aust 


0.0510 




10.051°:^^ 


26.90lt-J° 


• ■ • HMS E+S 


Virgo 


0.0038 




9 9r,+0.02 


1 C9+0.03 
'-■^'^-0.03 


DDD A+E E98 


WP23 


0.0087 




1 00+°®° 


0.23 


• • • D93 D93 


ZW0628+25 


0.0810 




fi 20+^-®° 


7.86 


■ ■ ■ D93 D93 


ZW1615+35 


0.0321 


584 


2 Qr)+2-8" 
^"'^'-1.10 


0.40 


U78 D93 D93 


ZW3146 


0.2906 




6 S5+°-^'^ 


55.8ll«:« 


• • • M+S E98 



References. — (respectively velocity dispersion, temperature and X-ray luminosity): A98 — 
Allen (1998); A99 — Andreani et al. (1999); A+E — Arnaud & Evrard (1999); A+F — Allen 
& Fabian (1998); A+K — Abramopoulos & Ku (1983); AMB — Adami et al. (1998); B93 — 
Bricl & Henry (1993); B95 - Bird (1995); B96 Burns et al. (1996): B98 — Boliringcr et al. 

(1998) ; B99 — Buotc (1999); B+H — Barmby & Huclira (1998); BMM — Bird, Musliotzky & 
Metzlcr (1995); BZM — BardcUi ct al. (1996); C94 — Castander et al. (1994); C96 — Carlberg 
et al. (1996); D78 — Dressier (1978); D93 — David et al. (1993); DJF — David, Jones & Forman 
(1995); D98 — Donahue et al. (1998); D99 — De Grandi et al. (1999); DDD — Danese, De 
Zotti & di TuUio (1980); DFJ — David, Forman & Jones (1999); DSP — Dressier et al. (1999); 
E90 — Edge et al. (1990); E96 — Ebeling et al. (1996); E98 — Ebeling et al. (1998); E+S — 
Edge & Stewart (1991a); F96 — Fadda ct al. (1996): FMB — Fabricant, McClintock & Bautz 
(1991); G95 — Gioia ct al. (1995); G89 — Gudclius (1989); G97 — Gomez ct al. (1997); G99 — 
Gioia et al. (1999); GBG — Girardi et al. (1993); GEF — Girardi et al. (1997); GGP — Green, 
Godwin & Peach (1988) G+L — Gioia & Luppino (1994); H92 — Henry et al. (1992); H97 — 
Henry (1997); HMS — Horner, Mushotzky & Scharf (1999); HWU — Henriksen, Wang & Ulmer 

(1999) ; J+F — Jones & Forman (1984); K95 — Kneib (1995); K99 — Kaiser et al. (1999); K+B 

— KuU & Bohringer (1998); L96 — Ledlow et al. (1996); L+H — Lavery & Henry (1988); LPS 

— Lc Borgnc, PcUo & Sanahuja (1992); M97 — Mahdavi ct al. (1997); M98 — Markcvitch et al. 
(1998); MME — Mohr, Mathiesen & Evrard (1999); M+S — Mushotzky & Scharf (1997); M+W 

— Mohr & Wegner (1997); N99 — Neumann (1999); 097 — Owen et al. (1997); OMF — Ota, 
Mitsuda & Fukazawa (1998); P92 — Piccinotti et al. (1992); P97 — Pierre et al. (1997); Q+M 

— Quintana & Melnick (1982); R97 — Reimers et al. (1997); R98 — Rizza et al. (1998); R99 — 
Rincs ct al. (1999); S97 — Stein (1996); S99 — Schindlcr ct al. (1999); SHN — Schindler et al. 
(1997); SNK — Squires ct al. (1997); SRE — Small ct al. (1997): S+R — Strublc & Rood (1991); 
S+W — Schindler & Wambsgaiiss (1997); T99 — Tran et al. (1999); U78 — Ulrich (1978); W89 

— Wambsganss et al. (1989); WQI — Way, Quintana &Infante (1997); Y98 — Yaqoon (1998); 
ZHG — Zabludoff, Huchra & Geller (1990). 
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Table 2 Summary of the best fitted L-T relationships 



authors 


cluster No. 


method 


fitted relation 


Henry & Arnaud (1991) 


24 


OLS 


Lx - 


- 10~"0-99±0-29 J'2.7±0.4 








T = 


(1.05l0|5) l0-265±0.035 


Edge & Stewart (1991a) 


45 


OLS 


Lx = 


_ ]^Q-0.95±0.08j'2.62±0.10 








T = 


(2.9512-06) ^0.30±0.05 


David et al (1993) 


104 


OLS 


T = 


(2.9410:18) l2-297±o.oo4 


White et al (1997) 


86 


ORD 


Lx = 


= (4.78 ± 0.99) X io-2r2-98±0-ii 








T = 


(2.76 ± 0.08)LO-33±o.oi 


Allen & Fabian (1998) 


30 


BCES" 


T = 


(1.66 ± 0.52)LS-^29±o.O79 


Arnaud & Evrard (1998) 


24 


OLS 


Lx = 


_ ]^Ql.06±0.03|-jT^g)2.88±0.15 


Markevitvh (1998)'' 


30 


BCES 


Lx = 


= (12.44 ±1.08)(r/6)2-64±o.27 


Jone & Forman (1999)^^ 


78 


OLS 


T = 


(0.13l°:0«)LS-53i±0-068 


This work 


168 


OLS 


Lx = 


_ ]^Q-0.92±0.09j'2.61±0.12 








T = 


]^q0.45±0.01 ^0.28±0.01 




142 


ORD 


Lx = 


_ ]^Q-0.92±0.052n2.72±0.05 








T = 


]^q0.34±0.01 ^0.37±0.01 



"The modified OLS method - bivariate correlated errors and intrinsic scatter [see Akritas & 
Bershady (1996)]; 

''Cooling flow regions are excluded; 

"^Lx, in units of 10^0 erg/s, is the 0.5-4.5 keV luminosity and measured within 1 Mpc. 
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Fig. 1. — The L^^-T relationship for 168 clusters whose and T are observationally determined 
(Table 1). The low-redshift {z < 0.1) and high-redshift {z > 0.1) clusters are represented by the 
open squares (100) and the filled circles (68), respectively. The dashed line is the best OLS fitted 
relationship to the whole data set, = 0.12r^-^^. 

Fig. 2. — The L^-T relationship for a subsample of 142 clusters for which the measurement 
uncertainties in both Lx and T are known. The symbols have the same meaning as in Fig.l. The 
solid and dashed lines represent the best fitted results by the ODR and OLS methods, respectively. 

Fig. 3. — The Lx-a relationship for 193 clusters whose and a are given in Table 1. The low- 
redshift {z < 0.1) and high-redshift {z > 0.1) clusters are represented by the open squares (147) 
and the filled circles (46), respectively. The dashed line is the best OLS fitted relationship to the 
whole data set, = 10-^-°V2.67 

Fig. 4. — The L^-cr relationship for a subsample of 156 clusters for which the measurement 
uncertainties in both and a are known. The dashed line shows the best OLS fit to the data, 
and the solid line is the doubly weighted ODR result. 

Fig. 5. — The a-T relationship for the 105 clusters in Table 1. The symbols have the same meaning 
as in Fig.l. The dashed line shows the OLS fitted relationship to the data set and the solid one is 
the ODR result for 92 clusters that have measurement uncertainties in both a and T. 

Fig. 6. — Mean cluster X-ray luminosity L^, temperature T and velocity dispersion a are plotted 
against (1 + z) for our cluster sample. Each redshift bin contains 16, 14 and 19 clusters for {Lx,z), 
(T, z) and (a, z) , respectively. Vertical error bar demonstrates the difference between the maximum 
and minimum values observed within each bin. 

Fig. 7.— The ratios of Lx to (a) T^o^^ (b) T^-^ and (c) T^{1 + zfl"^ for our cluster sample. The 
horizonal axis is plotted in order of clusters in Table 1 where their Lx and T are available. The 
open squares and the filled triangles represent the low- and high-redshift clusters, respectively. The 



dotted lines show the mean values. 
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